Large avian frugivores are important in ecosystem function, but are seriously 21 threatened across the tropics. To conserve them we must understand their habitat 22 needs and the effects of improved forest management on individual species and the 23 community as a whole. We recorded the presence/absence of 18 parrot, pigeon and 24 hornbill species along nearly 500 km of transects at 24 sites in Luzon, Philippines, 25 and used logistic GLMMs to identify bird-habitat associations based on 26 topographical, forest structure and floristic data taken at 1227 habitat plots. We 27 then searched for more complex relationships and thresholds in species responses 28 along forest quality/restoration gradients using GAMMs. Frugivore species richness 29 was highest in forest with large-girthed trees, although some small-scale 30 agricultural disturbance was tolerated or even favoured. Importantly, richness was 31 highest in forests on flat ground, areas which are usually the first to be converted to 32 agriculture. Individual species were positively associated with large trees but 33 responses to floristic gradients were more variable. Very few species had complex 34 relationships with forest quality; for the great majority, the probability of 35 occurrence increased linearly along the forest quality/restoration gradient. While 36 the precise benefits in terms of seed dispersal, and costs of management, at 37 different points along the quality/restoration gradient are likely to be themselves 38 complex, avian frugivores benefit proportionately from step improvements right 39 along the gradient. Thus, any actions to improve forest quality on Luzon, from 40 reforesting the most degraded lands to preventing degradation of relatively healthy 41
Introduction 43
Frugivores, with their role as seed dispersers, are crucial to healthy ecosystem 44 functioning through the formation and maintenance of biodiversity (Corlett 2009; 45 Corlett and Hau 2000; Holbrook et al. 2002; Kitamura 2011) . While a broad range of 46 animals disperse seeds, birds (and especially larger-bodied species such as hornbills 47 and pigeons) are notable for their dispersal not only at local but also at regional and Philippine forests have a high proportion of zoochorous (animal-dispersed) 54 trees, with late-successional species most specialized with respect to dispersal 55 agents (Hamann and Curio 1999) . Birds are particularly important seed dispersers 56 on Luzon (Ingle 2003) , but, with just 7% of its original primary forest remaining, 57 this large Philippine island has seen such alarming declines in frugivore numbers 58 that frugivore population collapse across most reserves appears inevitable without 59 urgent conservation intervention (Española et al. 2013 ). Such a collapse will 60 inevitably have negative consequences for the long-term structure and functioning 61 of the forest reserves themselves. However, few studies have assessed long-term 62 changes in tree population dynamics or community structure as a consequence of 63 reduced seed dispersal (Terborgh et al. 2008; Harrison et al. 2013) . relationships are often complex (Meents et al. 1983) , and the identification of 70 nonlinearities or thresholds in responses is important, as small changes in habitat 71 quality can affect the species disproportionately (Radford et al. 2005) . 72
In this study, we aimed to associate the presence of large avian frugivores 73 with habitat and physical features at sites, and to determine the most important 74 drivers of frugivore presence across Luzon. To do this, we first developed linear 75 models to identify important habitat features for each species and for frugivore 76 species richness. Then we examined species-specific relationships more closely 77 using generalised additive models to search for nonlinearities and thresholds in 78 bird-habitat associations that may help develop forest management strategies to 79 conserve key species (Naidoo 2004) . 80 81 2. Methods 82
Field methods: bird counts and vegetation measures 83
Bird and habitat data were collected between December 2009 and September 2010 84 at 14 general areas comprising 24 specific sites across Luzon ( Fig. 1 ; general areas 85 are described in Appendix A). The sites were at least 5 km apart (mean minimum 86 distance between sites = 31.0 km ± 28.6 SD), and belong to one of five 87 biogeographical regions in the island: Cordillera, Sierra Madre, western Luzon, 88 central Luzon, and southern Luzon. We included in our survey Luzon's two hornbill 89 species, its eight parrot species, and its 15 forest-based pigeon species. 90
Our sampling currency was the presence/absence of each species along 400 m 91 segments of the line transects. Transects were positioned along hunter trails (80% 92 of total transect length), old logging roads, farm access tracks and, occasionally, 93 motorable roads within forested reserves (9%), and specially cut trails (11%). All 94 individuals of each target species heard or seen along the transect were recorded, 95 regardless of their distance from the transect line, although the great majority of 96 bird records were within 50 m of the line. Ideally, detectability issues would have 97 been addressed using a method such as Distance Sampling (for site-based density 98 estimates for frugivores from this study see Española et al. 2013 ). However, this 99 was not seen as feasible for this analysis given the low number of encounters of 100 most species, and because we are examining the reaction of species to habitat at a 101 much finer resolution than a site level. Only perched individuals, or individuals 102 flushed by the recorders, were included in the analysis, as only these birds gave an 103 indication of their habitat choice along the transect. Transects were walked, once 104 only, at a standardized pace of 1 km h -1 , either between 05h30 and 11h00, or 15h00 105 to 18h00, i.e. when birds are most active (Robbins 1981) . No surveys were 106 conducted in rain, wind or fog, as such conditions affect bird activity and 
Data analysis 129
The twelve floristics variables (all presence-absence) were condensed into just 130 three floristics axes (Facs 1 to 3) using principal components analysis (PCA; Jolliffe 131 7 a smaller number of variability axes (Jongman et al. 1995) . Table 1 shows PCA 133 results including correlations between factor scores and individual floristic 134 variables. The three retained axes accounted for 51.5% of overall variability. Sites 135 with high scores on Factor 1 (Fac 1, subsequently 'primary forest') are relatively 136 intact forest (no agriculture), rich in dipterocarps, epiphytes, tree-ferns and palms. 137 
Frugivore-habitat associations 180
Frugivore species richness was most likely to be (a) highest in areas on flatter 181 ground (negative coefficient for Slope) with large tree girths, but (b) higher in areas 182 with some agricultural disturbance (positive coefficient for Fac 2); Table 2 ; see 183
Appendix B for full confidence sets for all models. Unsurprisingly, altitude was the 184 strongest predictor of frugivore presence in models for twelve of the eighteen 185 species, with a mean Akaike weight across species of 0.84 ± 0.22 SD. Coefficients for 186 altitude were negative in seven species and, as expected, strongly positive in three 187 
Complexities in frugivore-habitat associations 199
Most relationships between species presence and the four predictors were either 200 linear (48 species/predictor cases) or quadratic (19 cases, all involving PCA Fac 1 or 201 Fac 2; Table 3 ). Only five more complex relationships were detected (Appendix C), 202 and in all cases, just three splines were selected. Two of these cases involved The key finding of this study is that the likelihood of the presence of individual 208 species, and frugivore richness in general, increased along the habitat quality studied. In our study, both the likelihood of the presence of individual species and 244 frugivore richness overall tended to increase linearly along the habitat quality 245
gradient. By extension, sensible restoration interventions at any point along the 246
habitat quality gradient will yield benefits for avian frugivores. 247
Our measures of frugivore richness and probability of occurrence may not be 248 as appropriate as, say, population density estimates, but we would argue that 249 habitats which have a high probability of holding good numbers of frugivores must, 250 in general, be good habitats for them. However, we recognize that, although some 251 species, especially cavity-nesters such as parrots and hornbills, feed freely in more 252 disturbed forests, they may breed at higher densities in primary forests (Marsden 253 and Pilgrim 2003). Areas of forest with higher levels of disturbance can act as sinks 254 Therefore, what we report are the probabilities of occurrence for frugivores under 259 the influence of both habitat quality and concurrent hunting. Finally, we do not 260 know the relative economic or management costs of interventions at different 261 points along the disturbance gradient against which to balance the biological 262 benefits we found. 263
Protection and restoration of forests have already been identified as the two 264 key conservation imperatives for the Philippines (Sodhi et al. 2010) . Our results 265 fully support this assertion by providing concrete evidence that forest fortification 266 through both protection and restoration will directly benefit Philippine biodiversity. 267
We thus recommend complementing the country's existing protection bias towards 268 more intact forests at mid-to high elevations with the rehabilitation and restoration 
